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Abstract 
The Middle Eocene Climatic Optimum (MECO) is a ~500 kyr interval of pronounced global 
warming from which the climate system recovered in <50 kyr. The deep-sea sedimentary 
record can provide valuable insight on the marine ecosystem response to this protracted 
global warming event, and consequently on the ecological changes during this time. Here, we 
present new benthic foraminiferal assemblage data from Ocean Drilling Program (ODP) Site 
1051 in the subtropical North Atlantic, spanning the MECO and post-MECO interval (41.1 to 
39.5 Ma). We find little change in the species composition of benthic foraminiferal 
assemblages during the studied interval suggesting that the rate of environmental change was 
gradual enough that these organisms were able to adapt. However, we identify two transient 
intervals associated with peak warming (Higher Productivity Interval (HPI)-1; 40.07 – 39.96 
Ma) and shortly after the MECO (HPI-2; 39.68 – 39.55 Ma) where benthic foraminiferal 
accumulation rates (BFARs) increase by an order of magnitude. These HPIs at Site 1051 
appear to coincide with intervals of strengthened productivity in the Tethys, Southern Ocean 
and South Atlantic and we suggest that an intensified hydrological cycle during the climatic 
warmth of the MECO was responsible for eutrophication of marine shelf and slope 
environments. 
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Key points: 
- Two Higher Productivity Intervals (HPIs) at peak-MECO and shortly after the MECO 
- HPIs attributed to strengthened hydrological cycle and enhanced runoff 
- HPIs appear to correlate with similar events in other ocean basins 
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1. Introduction 
 
The Eocene (56 to 34 Ma) is characterized by significant global climate change. Following 
the pronounced warming event at the Paleocene-Eocene boundary [Paleocene-Eocene 
Thermal Maximum, PETM; e.g. Zachos et al., 2008] at ~ 56 Ma [Westerhold et al., 2009] a 
global greenhouse climate persisted during the early Eocene (56-50 Ma), with background 
deep-ocean temperatures reaching 14°C [Sexton et al., 2006; Zachos et al., 2008] and sea-
surface temperatures of 28-35°C [e.g. Bijl et al., 2009; Burgess et al., 2008; Hollis et al., 
2009; Pearson et al., 2007; Pearson et al., 2001]. Thereafter, a gradual cooling took place 
during the middle and late Eocene (49-34 Ma) [Cramer et al., 2009; Sexton et al., 2006; 
Zachos et al., 2008] culminating in the growth of the first continental-scale ice caps across 
Antarctica during the Eocene-Oligocene-transition [Coxall et al., 2005; Miller et al., 1991; 
Zachos et al., 1996]. Superimposed on this long-term Eocene climate evolution are a series of 
transient global warming events. These include the short-lived (<200 kyrs in duration) 
‘hyperthermals’ such as the PETM and other, more modest events that pepper the early and 
middle Eocene (including, for example, the Eocene Thermal Maximums 2 and 3 (EMT-2 and 
ETM-3, respectively) [Kennett and Stott, 1991; Lourens et al., 2005; Sexton et al., 2011; 
Sluijs et al., 2009; Thomas and Shackleton, 1996; Zachos et al., 2001; Zachos et al., 2003] as 
well as longer-lived warming events such as the Middle Eocene Climatic Optimum [MECO, 
e.g. Bohaty and Zachos, 2003; Bohaty et al., 2009]. The latter is a prominent ~500 kyr long 
warming event that interrupts the middle to late Eocene cooling trend at ~40 Ma. δ18O 
records from bulk sediment and benthic foraminiferal calcite indicate a gradual decrease of 
1.0 -1.5 ‰ during the MECO [Bohaty and Zachos, 2003; Bohaty et al., 2009; Edgar et al., 
2010; Sexton et al., 2006]. Assuming an absence of significant continental ice sheets at that 
time [Bijl et al., 2010; Burgess et al., 2008; Edgar et al., 2007], this δ18O shift likely 
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represents a temperature increase of 4 – 6 °C in surface and deep waters [Bohaty and Zachos, 
2003; Bohaty et al., 2009; Edgar et al., 2010; Sexton et al., 2006]. This is consistent with 
estimates from independent temperature proxies such as TEX86 and U
K
37 suggesting high 
latitude sea-surface warming of 3°C to 6°C during the MECO [Bijl et al., 2010; Boscolo 
Galazzo et al., 2014]. Inferred ocean warming culminates in a δ18O minima (i.e. MECO peak 
warming) lasting ~50 kyrs at ~40.0 Ma [Bohaty et al., 2009; Edgar et al., 2010]. The MECO 
is also accompanied by a transient increase in atmospheric pCO2 [Bijl et al., 2010] as well as 
a brief, ~500 to 1500 m global shoaling of the Carbonate Compensation Depth (CCD) 
[Bohaty et al., 2009; Pälike et al., 2012]. 
 In contrast to preceding early Eocene hyperthermals [Lourens et al., 2005; Nicolo et al., 
2007; Sexton et al., 2011; Zachos et al., 2010], the MECO is not accompanied by a 
contemporaneous negative δ13C excursion. However, a small and brief negative δ13C 
excursion (~0.5 ‰) does occur coincident with inferred peak warming near the termination of 
the MECO (~40.0 Ma) [e.g. Bohaty et al., 2009; Boscolo Galazzo et al., 2014; Edgar et al., 
2010]. This apparent absence of large-scale injection of isotopically depleted carbon into the 
mid- to upper-depth ocean and atmosphere suggests that the mechanism responsible for the 
MECO differs from that of the earlier Eocene hyperthermals, for which methane hydrate 
dissociation [e.g. Dickens et al., 1995; Lourens et al., 2005; Lunt et al., 2011], peatland-
derived organic carbon [Higgins and Schrag, 2006; Kurtz et al., 2003], oceanic dissolved 
organic carbon [Sexton et al., 2011], permafrost organic carbon [DeConto et al., 2012], 
carbon release through heating of carbon-rich sediments associated with the intrusion of 
magmatic sills [Svensen et al., 2004] and volcanic degassing [Eldholm and Thomas, 1993; 
Maclennan and Jones, 2006] have been invoked. In contrast, the gradual warming and 
coincident CCD shoaling during the MECO are more likely attributable to a progressive 
increase in pCO2 as a result of extensive arc or ridge volcanism and/or a pulse of 
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metamorphism associated with the Himalayan orogeny [Bijl et al., 2010; Bohaty and Zachos, 
2003]. However, it is difficult to reconcile these observations the existing carbon cycle theory 
because over the timescales of MECO warming, continental weathering should have 
increased and acted to increase ocean carbonate saturation state and thus deepen (and not 
shoal) the CCD [Sluijs et al., 2013]. 
The termination of the MECO is marked by an abrupt positive δ18O shift indicating cooling 
of ~6°C in surface and intermediate deep waters within as little as 50 kyr [Bohaty et al., 
2009]. This rapid cooling was accompanied by a global deepening of the CCD [Bohaty et al., 
2009] and a rapid decrease in pCO2 [Bijl et al., 2010]. Weathering of silicate rocks can draw 
down pCO2 on time scales of 10
5
 years. However, the termination of the MECO and 
suggested pCO2 decrease occurred within <50 kyr [Bohaty et al., 2009], pointing to changes 
in carbon cycling within Earth’s surficial reservoirs (ocean, atmosphere, biosphere) as the 
most likely candidate for pCO2 drawdown, with intensified silicate weathering rates being a 
possible additional (smaller) contributory process [Pälike et al., 2012].  
Here, we used samples from Ocean Drilling Program (ODP) Site 1051 to evaluate the impact 
of this pronounced global warming event on the marine ecosystem in the subtropical western 
North Atlantic (Blake Plateau; star in Fig. 1A). Site 1051 is stratigraphically continuous (at 
least to bio- and magnetozone level), has high-resolution bulk carbonate stable isotope data 
across the MECO [Bohaty et al., 2009; Edgar et al., 2010] and a well-defined 
magnetostratigraphy and age model [Edgar et al., 2010]. We use benthic foraminiferal 
assemblages, as well as Benthic and Planktic Foraminifera Accumulation Rates (BFAR & 
PFAR) to reconstruct paleo-productivity variations at this site.  
Our data document changes in benthic foraminifera assemblages across the MECO and 
determine whether there is any evidence for intervals of elevated productivity in the North 
Atlantic Ocean during the MECO. We then compare our results to those from other locations 
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to evaluate the geographic extent of inferred eutrophication during the MECO interval. 
 
2. Material and methods 
 
2.1 Site location and material 
Site 1051 was drilled during ODP Leg 171B along a depth transect on Blake Nose (30°03’N; 
76°21’W; Fig. 1B), a topographic high off the coast of Florida that extends eastward with a 
gentle slope into the North Atlantic from Blake Plateau. Site 1051 has a modern water depth 
of 1980 m below sea level. Sediments were deposited at an estimated middle Eocene 
paleowater depth of ~1000-2000 m [Norris et al., 1998] at ~25°N paleolatitude [Ogg and 
Bardot, 2001]. The cores recovered from two holes constitute a stratigraphically complete 
upper Eocene to lower Paleocene succession composed of calcareous or siliceous ooze, chalk 
and clay, interspersed by 25 thin layers of volcanic ash [Norris et al., 1998]. Sediments were 
deposited above the local CCD throughout the study interval and are shallowly buried (<150 
m), providing ‘good’ (albeit recrystallized) preservation of calcareous microfossils [Edgar et 
al., 2010; Edgar et al., 2013]. Eocene sediments consist of a yellow, siliceous nannofossil 
ooze (subunit 1C), underlain by green nannofossil ooze (subunit 1D) [Norris et al., 1998]. 
The sharp color change marks the transition between the subunits but the sediment 
composition mainly remains the same.  
 
2.2 Sample Preparation 
For benthic foraminiferal assemblages, a total of 52 samples have been taken across the 
MECO following the shipboard spliced sequence [Norris et al., 1998] between 60 and 130 
meters composite depth (mcd): 1 m sampling resolution across the MECO (80-115 mcd), 2 m 
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spacing outside of the event (115-130 mcd and 60-80 mcd, respectively) and decreased 
sample spacing down to 20 cm during two intervals following the MECO (68-70 mcd and 80-
87 mcd). This results in a temporal resolution of 4 to 40 kyrs for the benthic foraminiferal 
assemblage data. All sediment samples were initially dried and weighed before being 
disaggregated in distilled water and washed through a 63 µm sieve.  
Benthic foraminiferal assemblage counts are based on the >125 µm size fraction. If more than 
250-300 specimens were present in a single sample, representative splits of the sample 
material were counted. Benthic foraminiferal numbers are then recalculated for the entire 
sample and are presented as the number of individuals per gram (n/g) of dry sediment (Fig. 
2). It is common practice in paleoecological studies to count up to 300 specimens per sample 
to ensure that the results are statistically significant. However, in most samples even counting 
the entire >125 µm size fraction (rather than a split) it was not possible to reach 300 
specimens (Auxiliary Material). Accordingly, a notable statistical error is likely for 
interpretations that are based on abundances composition. Classification was carried out to 
the species level whenever possible and mainly followed Bolli et al. [1994] and Tjalsma and 
Lohman [1983].  
From comparison with published data on fossil and recent benthic foraminiferal communities, 
the most common genera in the assemblages were allocated to probable ecological habitats 
(Table 1). These habitats are primarily characterized by differences in bottom-water 
oxygenation as well as nutrient supply to the sea floor and seasonality. Benthic foraminiferal 
assemblage data thus provide information on bottom-water characteristics, specifically 
oxygenation and the flux of organic matter to the seafloor [e.g. Jorissen et al., 2007; Murray, 
2001].  
Planktic foraminiferal abundances are, like most planktic dwellers, dependent on food supply 
and nutrient input, while Benthic Foraminifera Accumulation Rates (BFAR) are well 
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correlated to export, and even primary, productivity [e.g. Herguera and Berger, 1991; 
Jorissen et al., 2007; Van der Zwaan et al., 1999]. BFARs were calculated following 
Herguera and Berger [1991]: 
BFAR = F · LSR · DBS [n/cm
2
/kyr] 
where F is the benthic foraminifera abundance (n/g), LSR is the linear sedimentation rate 
(cm/kyr) and DBS is the dry bulk sediment (g/cm
3
) (g = grams of dry sediment). 
Planktonic foraminifera were analyzed only for total abundances only in representative 
sample splits, allowing for a much higher sample resolution of 10 cm spacing between 60 and 
102 mcd, resulting in a total of 296 samples. This encompasses the majority of the MECO 
and post-MECO intervals. Counts were made on a representative split of the >300 µm size 
fraction comprising >300 individuals. Following Van Kreveld [1997], PFAR were calculated 
using the same formula as for BFAR (see above).  
 
2.3 Wt % CaCO3 
A high-resolution record of estimated bulk weight % CaCO3 was generated for our study 
interval to evaluate any changes in carbonate preservation that may bias our records. 
Estimates were calculated by developing a regression between the high-resolution physical 
property parameter - lightness (L*) and discrete shipboard CaCO3 measurements by Norris et 
al. (1998) (R
2
 = 0.85). Prior to plotting, a Gaussian filter with a 20 cm window was applied to 
L* data to increase the signal to noise ratio. 
 
2.4 Age Model 
The age model employed in this study is based on the revised ODP Site 1051 
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magnetostratigraphy by Edgar et al. [2010]. The uncertainty in the determination of the 
magnetochron boundaries is low and varies from ±1cm (<1 kyr) for the base of 
magnetochrons C19n, C18r to C18n.1r and ±55 cm for the base of C18n.2n (maximum 
uncertainty of ~38 kyrs). All ages are reported on the timescale of Cande and Kent [1995]. 
Accumulation rates are calculated by assuming that sedimentation rates remained constant 
between magnetochron datums; estimated sedimentation rates vary between ~2 and 6 cm/kyr 
(Fig. 3F). Unfortunately, an orbital chronology is not currently available for this site and 
biostratigraphy does not provide any additional constraints due to large offsets that imply that 
further calibration of the existing biostratigraphic datums is required [see Edgar et al., 2010]. 
 
3. Results and discussion 
 
The middle Eocene of Site 1051 is characterized by low TOC values throughout the 
investigated succession [0.06 wt% on average; Norris et al., 1998], while %CaCO3 values are 
relatively high. Weight %CaCO3 values average ~74 % in the lower part of the succession but 
increase abruptly to ~82 % at 39.78 Ma, above the MECO (Fig. 3E). This step change in 
%CaCO3 is not reflected in any other chemical proxy but is accompanied by a pronounced 
change in sediment color from pale yellow to grayish green [Norris et al., 1998]. This color 
change obviously impacts measured L* values (Fig. 3E), and thus, the estimated %CaCO3 
values (see 2.4). Regardless, the continuously high CaCO3 (and lack of physical evidence for 
a dissolution horizon in the sediments) during the MECO itself suggests that Site 1051 was 
likely situated above the local lysocline amd CCD. Thus, the sediments were, similar to other 
shallow sites, not subject to extensive dissolution even during the peak of the MECO, as is 
observed at sites situated below 3000 m paleowater depth [Bohaty et al., 2009; Pälike et al., 
 © 2015 American Geophysical Union. All rights reserved. 
2012].  
Benthic foraminiferal assemblages at ODP Site 1051 are diverse and their good preservation 
state enables identification of foraminifera to the species level. A total of 48 benthic 
foraminiferal taxa were identified (Fig. 2), with 20 genera having an average relative 
abundance of >1% in the samples. The most common species (>5% of the total assemblage) 
are Anomalinoides spp. (including A. alazanensis, A. subbadenensis and A. pompilioides), 
Gyroidinoides spp. (including G. complanatus, G. planulatus and G. girardanus), 
Laevidentalina spp. (including L. legumen, L. gracilis, L. communis and L. spinescens), 
Lenticulina spp. (L. lepida, L. muensteri, L. sorachiensis and L. velascoensis), Nuttallides 
spp. (mostly N. truempyi), Osangularia mexicana, Pleurostomella spp. (including P. clavata, 
P. obtusa and P. cubensis), Pullenia spp. (P. eocenia, P. angusta and P. cretacea) and 
Strictocostella spp.  
The foraminiferal assemblages are typical of tropical Eocene environments and, notably, 
show only minor changes in species composition and/or abundance during the MECO (Fig. 
2). However, pronounced changes are evident in the accumulation rate of benthic and 
planktonic foraminifera during and after the MECO (Fig. 3C and D). Benthic foraminiferal 
numbers, and, accordingly, BFARs are generally very low (on average 23 n/cm
2
/kyr) 
throughout the studied section, partially owing to dilution by abundant siliceous microfossils 
[Edgar et al., 2010; Norris et al., 1998; Witkowski et al., 2014]. Planktonic foraminifera are 
more abundant, resulting in higher PFARs with an average of 100-150 n/cm
2
/kyr. During two 
short-lived intervals between 40.07 to 39.96 Ma and 39.68 to 39.55 Ma, however, BFARs and 
PFARs both increase by about an order of magnitude to ~120 and ~1000 n/cm
2
/kyr, 
respectively (shaded grey bars labeled ‘HPI-1’ and ‘HPI-2’ in Figure 3). 
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3.1 ‘Background’ conditions 
In the following sections, background conditions (based on the BFAR and PFAR data here 
defined as encompassing the pre-MECO, the majority of the MECO and parts of the post-
MECO interval) will be discussed separately from the transient intervals characterized by 
elevated benthic and planktic foraminiferal accumulation rates. 
Benthic foraminiferal assemblages show only minor variations in relative abundance prior to, 
and during, the majority of the MECO between 41.10 and 40.07 Ma (Fig. 2). The most 
common taxa during this time interval (Laevidentalina spp., Anomalinoides spp., Lenticulina 
spp., Pullenia spp. and Pleurostomella spp.) are a mix of both infaunal und epifaunal species 
(Table 1). Average benthic foraminiferal numbers are low (<1 n/g) even for typically common 
deep-sea species, suggesting an environment which favored neither infaunal nor epifaunal 
taxa particularly. 
Pleurostomellids decrease in abundance with decreasing benthic foraminiferal δ18O values 
and inferred bottom-water warming during the initial stages of the MECO (40.5 Ma) (Fig. 2), 
suggesting that this genus was not well adapted to higher temperatures. At the same time, 
Pullenia spp. starts to increase in abundance but subsequently decreases at ~40.28 Ma (Fig. 
2) perhaps indicating the presence of an environmental threshold. Pullenia spp. are infaunal 
taxa [Corliss, 1991; Frenzel, 1998] that are well adapted to eutrophic bottom-water 
conditions [e.g. Kaiho, 1991; Mackensen et al., 1993] but are typically found in cold water 
and used as an indicator for the influence of polar water masses [e.g. Koch and Friedrich, 
2012; Mackensen et al., 1993; Widmark, 1995]. Hence, we suggest that the abundance of 
Pullenia spp. initially increases due to increasing trophic state in bottom waters associated 
with the onset of the MECO warming but decreases once a certain temperature threshold is 
exceeded. 
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Crucially, the relatively muted benthic foraminiferal assemblage response and co-occurrence 
of both oligotrophic and eutrophic species (Table 1) imply that, taxonomically at least, 
benthic foraminifera were relatively insensitive to the environmental changes during the early 
stages of the MECO at ODP Site 1051. This is in stark contrast to the pronounced benthic 
foraminiferal response associated with the rapid onset of the PETM [e.g. Thomas, 1998; 
Thomas and Shackleton, 1996] and with a MECO section from the Southern Ocean [Moebius 
et al., 2014], and may imply that the rate of environmental change during the MECO was 
gradual enough in the subtropical Atlantic Ocean to enable benthic foraminifera to adapt.  
 
3.2 Higher-productivity intervals during and after the MECO 
BFARs were initially developed as a proxy for export paleoproductivity by Herguera and 
Berger [1991] and have since been employed to estimate the amount of organic matter that is 
transported from surface waters to the ocean floor across a number of past climate intervals 
[e.g. Den Dulk et al., 2000; Schmiedl et al., 1997]. To semi-quantify export production rates 
from BFARs it is required that several conditions are met. These include (1) a linear 
relationship between organic matter flux and number of fossilized foraminifera, (2) a linear 
relationship between surface-water productivity and export productivity, (3) robust 
constraints on sedimentation rates and (4) absence of carbonate dissolution [Herguera and 
Berger, 1991]. As mentioned previously, the sediments analyzed in this study show no 
obvious indications of dissolution implying that the drill site was situated well above the local 
CCD throughout the MECO [Norris et al., 1998]. The greatest source of uncertainty in our 
BFARs arises therefore from the assumption of constant linear sedimentation rates between 
magnetochrons because an orbital chronology is not yet available [Edgar et al., 2010]. The 
relationship between organic matter flux and fossilization, as well as that between surface and 
export productivity, is difficult to assess and requires some well reasoned assumptions 
 © 2015 American Geophysical Union. All rights reserved. 
[Herguera and Berger, 1991]. Uncertainties in these parameters and a lack of reliable 
calibration have hindered the quantification of primary production in past environments 
[Jorissen et al., 2007]. However, it is possible to make qualitative predictions about relative 
changes in paleoproductivity from BFARs with high BFAR values typically reflecting 
enhanced food availability where confounding factors such as carbonate preservation are not 
an issue [e.g. Coxall and Wilson, 2011; Jorissen et al., 2007; Van der Zwaan et al., 1999].  
In addition to the benthic foraminiferal abundances, we also investigate Planktic 
Foraminiferal Accumulation Rates (PFAR) that can also be interpreted in terms of 
productivity. The abundance of planktic foraminifera has been shown to exhibit a strong 
positive correlation with primary productivity [Thunell and Reynolds, 1984; Van Kreveld, 
1997]. Thus, a number of studies have used this correlation to make quantitative assumptions 
about paleoproductivity based on planktic foraminiferal abundances, often in combination 
with BFARs and the accumulation rates of other marine organisms [e.g. Boscolo Galazzo et 
al., 2014; Diester-Haass and Zahn, 2001; Hebbeln et al., 2002; Melki et al., 2009; Rasmussen 
et al., 2003; Rasmussen et al., 2014; Van Kreveld, 1997].  
We identify two discrete intervals where BFARs and PFARs are an order of magnitude higher 
(>150 n/g) than background values (Fig. 3C and D). Taken at face value, this suggests an 
increase in export productivity during the final stage of, and immediately following, the 
MECO at Site 1051. While we cannot quantify the assumed eutrophication, our data suggest 
that export productivity during these two transient intervals of elevated BFARs and PFARs 
was elevated compared to background conditions and they are subsequently referred to as 
higher-productivity intervals (HPIs). 
The first inferred higher-productivity interval (HPI-1) is ~110 kyrs long and occurs between 
40.07 and 39.96 Ma (Fig. 3C and D). Its onset is synchronous with a significant decrease in 
δ18O values corresponding to the rapid warming at the peak of the MECO and extends ~20 
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kyrs after the MECO. At 40.02 Ma, BFARs briefly decrease (but, notably, still remain above 
background values) contemporaneous with the rapid increase in δ18O and inferred ocean 
cooling marking the end of the MECO (Fig. 3C). The abundances of most benthic taxa 
increase during HPI-1 (Fig. 2), but the most pronounced increase occurs in Strictocostella 
spp. (5 n/g), N. truempyi (4 n/g) and most notably the opportunistic species O. mexicana (8 
n/g). Pyramidulina spp. appears almost exclusively during HPI-1 (5 n/g), suggesting an 
opportunistic behavior, i.e. high tolerance to environmental changes and ability to adapt 
quickly. Other taxa that increase in abundance are Laevidentalina spp. (2 n/g), O. umbonatus 
(1.2 n/g), Lenticulina spp. (1.7 n/g), Pleurostomella spp. (0.8 n/g) and Ellipsoidella spp. (0.8 
n/g; Fig. 2). This comprises both epifaunal and infaunal species [e.g. Alegret and Thomas, 
2001; Frenzel, 1998; Friedrich and Hemleben, 2007; Friedrich et al., 2003; Kaiho, 1999; 
Mackensen et al., 1993; Table 1]. The few taxa that either decrease in abundance or remain 
rare during HPI-1 are epifaunal [e.g. Anomalinoides spp.; Alegret and Thomas, 2004; Takeda 
and Kaiho, 2007] and favor lower productivity environments. Taxa indicative of low-oxygen 
environments such as buliminids and uvigerinids [e.g. Friedrich et al., 2009; Koutsoukos et 
al., 1990] are either rare (< 1%) or absent during HPI-1, suggesting that bottom waters on the 
Blake Nose Plateau were never significantly depleted in oxygen.  
The second higher-productivity interval (HPI-2) occurs ~300 kyrs later than HPI-1 (Fig. 3C 
and D), ~100 kyrs after the MECO (39.68 – 39.55 Ma) and lasts for ~130 kyrs. The most 
pronounced increase in benthic foraminiferal abundances during HPI-2 occurs in the taxa N. 
truempyi, Laevidentalina spp., Siphonodosaria spp., O. umbonatus and Lenticulina spp.  
Both HPIs are characterized by a substantial increase in the abundance of the majority of 
taxa, although the increase is generally more pronounced during HPI-1 compared to HPI-2 
(Fig. 2). There are some slight differences between the assemblages of both intervals: e.g. the 
much more pronounced increase of Strictocostella spp. and O. mexicana is much more 
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pronounced in HPI-1, the exclusive limitation of Pyramidulina spp. to HPI-1, and the higher 
abundance of Siphonodosaria spp., Bulimina spp. and Lagena spp. during HPI-2. Notably, 
both HPIs consist of several peaks within the events. This is especially well defined for HPI-
2, where the BFARs show two and the PFNs three distinct peaks that can be correlated 
between the two proxies. Yet the overall pattern of increasing BFAR and PFAR is similar 
during HPI-1 and HPI-2, and we thus suggest that similar environmental conditions 
prevailed.  
Both HPIs occur within magnetrochrons, and not at magnetochron boundaries (i.e. within 
each event, a single sedimentation rate was applied to calculate BFARs, see Fig. 3). Hence, 
the observed peaks are unlikely to be mathematical artifacts arising from changes in 
sedimentation rate directly associated with our age model and more likely reflect a ‘real’ 
signal. This observation is supported by the occurrence of synchronous peaks in the total 
benthic and planktonic foraminiferal numbers (Fig. 3C and D) that are independent of the 
assumed linear sedimentation rates used to calculate accumulation rates. 
It could be argued that these distinct increases in foraminiferal abundances might be the result 
of changing dilution by other particles or increased winnowing. Winnowing predominantly 
removes fine-fraction particles (such as diatoms and radiolarians) and thus leaves the 
sediments enriched in the bigger, heavier foraminifers. Witkowski et al. [2014] investigated 
siliceous microfossils (comprising the majority of the fine-fraction) during the MECO at Site 
1051. However, they do not detect minima in absolute siliceous microfossil abundances 
coinciding with maxima in foraminiferal abundances as would be expected if the sediments 
were subject to winnowing. On the contrary, they observe increases in all siliceous 
microfossil groups during the MECO, and radiolarians in particular show peak abundances 
coinciding with HPI-1 (Fig. 4), also arguing against a significant decrease in dilution by non-
foraminiferal components. Thus, we believe that neither winnowing nor changing dilution 
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affected the investigated sediments to a significant degree and that our HPIs likely show 
ecologically driven changes. 
 
3.3 Response of benthic foraminiferal assemblages to paleoceanographic changes 
related to MECO 
The PETM and MECO are both major global warming events [e.g. Bohaty and Zachos, 2003; 
Zachos et al., 2008; Zachos et al., 2001]. Modern observations and numerical modelling 
predict that global ocean warming events will be accompanied by enhanced water column 
stratification, decreased oxygen saturation and increases in surface-water eutrophication in 
shelf and slope locations [Keeling et al., 2010; Plattner et al., 2001; Sarmiento et al., 1998]. 
Therefore, oceanic warming associated with the MECO [e.g. Bijl et al., 2010; Bohaty and 
Zachos, 2003; Edgar et al., 2010] might, at first glance, be expected to impact benthic 
foraminiferal assemblages in a manner similar to that at the PETM. The PETM precipitated a 
global benthic foraminiferal extinction of ~25 – 65 % of all taxa [Thomas, 1998] with ~55% 
of those at Site 1051 becoming extinct [Katz et al., 1999] and is also associated with a large 
turnover from a highly diversified fauna to an assemblage dominated by infaunal taxa 
adapted to low oxygen conditions [esp. bulimids; Katz et al., 1999; Takeda and Kaiho, 2007]. 
Numerical modelling results point to a combination of deoxygenation of bottom-waters, 
ocean acidification and reduced food supply as probable explanations for the observed 
benthic extinctions [Winguth et al., 2012]. In contrast to this expectation, benthic 
foraminiferal assemblages show almost no change associated with the MECO (Fig. 2), except 
for the two HPIs between 40.07 – 39.98 Ma and 39.68 – 39.55 Ma, here inferred to represent 
an increase in organic matter flux to the sea floor. 
Possible explanations for this seeming contradiction are that environmental changes at this 
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site were subdued or much more gradual compared to other locations. 
First, potential changes in bottom-water trophic state and oxygenation associated with the 
MECO were minor at this site. Despite the inferred rise in oceanic temperatures at Site 1051 
based on 18O [Bohaty et al., 2009; Edgar et al., 2010], the water column at the site might 
have remained well ventilated across the MECO and was thus not subject to enhanced 
stratification and consequential bottom water oxygen depletion. The co-occurrence of both 
infaunal and epifaunal species throughout the study interval further implies a more or less 
consistently mesotrophic environment [Jorissen, 2003]. However, this explanation is in 
contrast to the observed increases in BFARs and PFARs in the latest phase of the MECO, 
indicating some increase in bio-productivity. 
Second, any potential changes in eutrophication and oxygenation might have been much 
more gradual during the MECO than experienced during the PETM, and thus have allowed 
taxa to adapt to environmental change. The onset of the PETM likely occurred in >10 kyr 
[e.g. Sluijs et al., 2012; Thomas, 2003; Thomas and Shackleton, 1996], whereas the warming 
during the MECO took place over a much longer interval of time (~600 kyr) and thus may 
have occurred at a pace sufficiently gradual enough to allow benthic ecosystems to slowly 
adjust. The onset of the peak warming on the other hand (coinciding with HPI-1) was an 
abrupt 50 kyr-long interval of greatly accelerated temperature increase at ~40 Ma (Fig. 3A). 
This coincidence tentatively implies that the rapidity of the warming within this interval was 
responsible for the observed faunal reaction, because the speed of change limited the ability 
of certain foraminifera to adapt. Alternatively, the crossing of an ecological tolerance 
threshold may have precipitated the ecological changes associated with HPI-1. In contrast, a 
site on the Kerguelen Plateau was subject to a significant faunal turnover during the more 
gradual warming phase of the MECO [Moebius et al., 2014], arguing against the possibility 
of gradual adaptation of taxa in the Southern Ocean. 
 © 2015 American Geophysical Union. All rights reserved. 
Consequently, we assume that other, site-specific factors, such as the type of food delivered 
to the seas-floor, might have had an impact on benthic foraminiferal assemblages and 
abundances. However, such dependencies are not well defined in the paleontological record 
thus far. 
Nevertheless, assuming that the changes in foraminiferal abundance reflect a true ecological 
signal, their pronounced increase during HPI-1 and HPI-2 point towards increasing organic 
matter flux during these intervals.  
 
3.3 Potential scenarios for a local increase in organic matter flux 
At Site 1051, several possible mechanisms exist to explain the inferred increase in export 
productivity: (1) a change in ocean circulation, (2) upwelling of nutrient-rich waters, and/or 
(3) increasing continental runoff.  
The first mechanism, a significant shift in the bottom-water mass bathing ODP Site 1051, is 
unlikely, because of the lack of change in the benthic foraminiferal assemblages composition 
(Fig. 2). The second mechanism, upwelling of nutrient-rich waters, commonly gives rise to 
high surface productivity. Although the western margin of the Atlantic Ocean is not an 
upwelling locality at present, several studies have suggested that the Blake Plateau may have 
been the locus of Ekman upwelling during the Eocene [Wade et al., 2001] and late Cretaceous 
[MacLeod et al., 2001]. Thus, shifts in the location of upwelling or an increase in upwelling 
intensity due to changes in the coastal wind system (intensification or change of direction) 
could have lead to transient changes in local productivity. The third mechanism, intensified 
continental runoff (and the nutrients that it delivers), would strengthen biological productivity 
at locations close to the continental margin such as Blake Plateau [cf. MacLeod et al., 2001]. 
Climatic warming, such as the MECO peak warming, is likely to be associated with an 
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intensified hydrological cycle [e.g. Montero-Serrano et al., 2011; Norris et al., 2013; 
Nürnberg et al., 2008], leading to an increase in riverine input into the ocean. Certainly, there 
are multiple lines of evidence for an increase in terrestrial run-off to the ocean during the 
MECO at marginal sites in the Tethyan Ocean [Agnini et al., 2007; Luciani et al., 2010; 
Spofforth et al., 2010; Toffanin et al., 2011]. Further, siliceous microfossil assemblages from 
ODP Site 1051 also indicate an overall increase in the trophic state of surface waters and 
infer increased delivery of silica from elevated silicate weathering across the MECO 
[Witkowski et al., 2014]. 
However, our benthic and planktic foraminiferal assemblage data alone do not allow us to 
distinguish between upwelling and/or run-off-driven hypotheses to explain the increase in 
productivity at ODP Site 1051. At relatively near-shore sites, an increased input of 
siliciclastic material would be expected to be associated with continental run-off and riverine 
input. Evidence for such siliciclastic input at Site 1051 is absent, but the distance of 500 km 
to the shore was likely too far for transport of significant amounts of terrestrial material to the 
site, as it would more likely become trapped on the continental shelf. Nutrients, on the other 
hand, are more likely to reach a location ~500 km offshore in suspension to intensify surface 
and export productivity. Accounting for these uncertainties, however, we compare our results 
with those from near-shore sites in other settings to ascertain whether the change in 
productivity is a local signal of Site 1051 or if there is evidence for a more global signal. 
 
3.4 Global increase in trophic state associated with the MECO 
Figure 4 shows that the abundance of siliceous radiolarians (another group of zooplankton) 
increased threefold at Site 1051, concurrent with our HPI-1 event [Witkowski et al., 2014]. 
Our HPIs as also appear to coincide with organic-rich layers (ORG1 and ORG2) identified in 
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the Alano section in northern Italy [Luciani et al., 2010; Spofforth et al., 2010]. The ORG 
layers at Alano are defined by significant increases in TOC (2.5 – 3.0 %) relative to 
background values (0.1%) and are coincident with elevated δ13C values [Spofforth et al., 
2010] that are accompanied by oxygen depletion in the water column as evidenced by 
calcareous nannofossil and planktic foraminiferal assemblages [Jovane et al., 2007; Luciani 
et al., 2010]. Specifically, a pronounced increase in the relative abundance of the cool, 
eutrophic water favoring planktonic foraminifera Subbotina, which in the absence of 
evidence for cooling during the MECO likely reflects an increase in the availability of 
nutrients in surface waters [Luciani et al., 2010], is in agreement with increasing numbers of 
siliceous microfossils [Toffanin et al., 2011]. Increases in surface and export productivity 
have been invoked to explain these organic-rich intervals at this site [Spofforth et al., 2010].  
To correlate records from the two sites we used the available site-specific 
magnetostratigraphies [Agnini et al., 2011; Edgar et al., 2010]. Figure 4 shows that at Alano, 
given the uncertainty in the magnostratigraphy, ORG1 commences somewhere near the base 
of chron C18n.2n and persists into the first third of C18n.2n, while ORG2 initiates in the 
upper third of C18n.2n and spans most of C18n.1r [Spofforth et al., 2010]. This occurrence of 
the ORG layers in Alano is, within the uncertainties of both age models, in relatively close 
agreement with our HPIs from Site 1051 (Fig. 4). We note, however, that the HPIs at Site 
1051 are of slightly shorter duration relative to magnetochron duration than the ORGs at 
Alano (Fig. 4). However, the relatively poorly constrained placement of the base of C18n.2n 
in the Alano section (± 4.85 m) [Spofforth et al., 2010] most likely contributes to the slightly 
different appearance of the events. It should also be noted, that C18n.1r is artificially 
enhanced in apparent duration at Alano (Fig. 4) because these particular data are plotted 
against depth rather than age (because no sufficiently good age model exists for Alano). It is 
also possible that the two different proxies (TOC vs. BFAR) record subtly different 
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environmental variables that were perturbed to different extents. Nonetheless, ORG2 exhibits 
three distinct peaks similar to the PFAR record from our site (only 2 peaks in the BFARs, 
possibly due to sample resolution). This apparent correlation (dashed lines in Fig. 4) further 
strengthens our interpretation of the likely coinciding occurrence of HPI-2 and ORG2. 
Eutrophication events associated with the MECO were also observed in several other 
locations. Increased productivity is found in benthic foraminiferal assemblage composition 
data [Moebius et al., 2014] and siliceous microfossil assemblage composition and abundance 
data [Witkowski et al., 2012] in the Southern Ocean (Kerguelen Plateau). At Demerara Rise in 
the western South Atlantic, Renaudie et al. [2010] found evidence for an increase in surface 
water eutrophication based on siliceous microfossil abundances during the MECO at Site 
1260. However, the post-MECO interval is not represented in this section, hindering further 
correlation with this data set. New records from Walvis Ridge in the eastern South Atlantic 
(Site 1263) also show evidence for increased productivity associated with the MECO 
[Boscolo Galazzo et al., 2015; Boscolo Galazzo et al., 2014]. Although the composition of 
benthic foraminiferal assemblages was not significantly affected by the environmental 
changes during the MECO, benthic and planktic foraminiferal abundances both increase 
during the MECO at Site 1263 [Boscolo Galazzo et al., 2015], similar to our results at Site 
1051. However, peaks in foraminiferal accumulation rates at Site 1263 precede the peak-
warming interval (and HPI-1) by several thousand years, which is attributed to foraminiferal 
starvation due to increases in the metabolic rates at this site in response to warming [Boscolo 
Galazzo et al., 2014]. 
The occurrence of intervals of apparent eutrophication in widely separated different 
geographic settings and ocean basins (e.g. contrasting latitudes, proximal and distal to 
adjacent continents and in the Southern Ocean, Tethys and the Atlantic Oceans; see Table 2), 
suggests that an increase in productivity may have been globally widespread across the 
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MECO, akin to the widespread eutrophication experience during the PETM [Gibbs et al., 
2006; Norris et al., 2013; Winguth et al., 2012]. The extent and duration of eutrophication 
and its effect on the benthic and planktonic communities, however, appears to differ between 
locations [Figure 1 in Boscolo Galazzo et al., 2015]. At subtropical Site 1051 and in the 
Tethyan Alano section, the increase in trophic state seems to be restricted to the peak-
warming interval, while eutrophication begins much earlier at 40.4 Ma (300 kyr before peak-
warming) in the Southern Ocean and Southern Atlantic. The response of the benthic 
foraminiferal communities ranges from very strong at Site 738 [in form of a faunal turnover; 
Moebius et al., 2014] to apparent, but less pronounced in the Tethys [Boscolo Galazzo et al., 
2013], to muted at Site 1051 (this study) and Site 1263 [South Atlantic; Boscolo Galazzo et 
al., 2015; Boscolo Galazzo et al., 2014]. Furthermore, it appears that different microfossil 
groups (benthic and planktonic foraminifera, diatoms, radiolarians) reacted differently to a 
similar environmental perturbation, which might be attributed to the specific local 
environmental conditions at each site.  
While localised changes in the position or intensity of upwelling are unlikely to have been the 
mechanism for increased eutrophication in many ocean basins, an intensification of the 
hydrological cycle under extreme greenhouse warming during the MECO [Bohaty et al., 
2009] might have acted as the driver of a widespread increase in surface water productivity 
via enhanced nutrient availability and subsequent strengthened export production to the 
seafloor.  
 
5. Conclusion 
 
We present benthic foraminiferal assemblage data alongside benthic and planktonic 
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abundances from ODP Site 1051 in the subtropical North Atlantic, spanning the MECO and 
post-MECO interval. We observe two intervals (higher productivity intervals HPI-1 and HPI-
2) during peak warming and ~300 kyr following the MECO that are marked by benthic and 
planktonic foraminiferal accumulation rates that increase by an order of magnitude. These 
HPIs are paralleled by increasing radiolarian abundances at Site 1051. We conclude that these 
intervals represent periods of enhanced biological productivity, potentially driven by a 
strengthened hydrological cycle. We note that higher productivity intervals associated with 
the MECO are reported from many, widely distributed marginal-marine locations, including 
the Alano section (palaeo-Tethys seaway), the Kerguelen Plateau (Southern Ocean), and 
Walvis Ridge (South Atlantic), with the impact on benthic foraminiferal community 
composition being most pronounced in the Southern Ocean. We thus suggest that marine 
continental shelf and slope settings may have witnessed increased eutrophication across the 
MECO, resulting in one or more episodes of intensified biological (export) productivity. 
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Figure 1 – Study Site (a) Paleogeographic map of the middle Eocene (40 Ma reconstruction; 
after http://www.odsn.de [Hay et al., 1999]). ODP Site 1051 (this study) is indicated 
by the red star. Blue circles show the positions of all sites where MECO records are 
published. Assumptions about paleoproductivity are summarized in Table 2. (b) 
Present day bathymetric map showing the location of ODP Site 1051, drilled during 
Leg 171b on the Blake Nose plateau [after Norris et al., 1998].  
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Figure 2 – δ18O records and benthic foraminiferal numbers at ODP Site 1051. Most benthic 
taxa show little variation in relative abundance throughout the investigated section (41.1 – 
39.5. Ma), except for two brief intervals (highlighted in gray) at ~40 Ma (MECO peak-
warming) and ~39.65 Ma (post-MECO). Fine-fraction isotope data (solid line) are from 
Bohaty et al. (2009) and benthic foraminiferal isotope data (dotted line) are from Edgar et al. 
(2010). 
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Figure 3 – (A and B) Stable isotope records, (C and D) benthic and planktonic foraminiferal 
accumulation rates, (E) estimated weight % carbonate content and (F) sedimentation rates 
from ODP Site 1051 across the MECO. Benthic and planktonic foraminiferal abundances 
(solid lines are accumulation rates, dotted lines are absolute number of species/g) show two 
distinct peaks at ~40.0 Ma and ~39.7 Ma that are significantly higher than background values 
(highlighted in gray). CaCO3 values (black line) were estimated from shipboard L* values 
(gray line; Norris et al., 1998) and are consistently high throughout the section. 
Sedimentation rates are fairly constant except for a brief interval above HPI-2. Fine-fraction 
isotope data (solid line) are from Bohaty et al. (2009) and benthic foraminiferal isotope data 
(dotted line) are from Edgar et al. (2010). 
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Figure 4 – Comparison of our results from ODP Site 1051 with the relative abundance of 
radiolarians in the total siliceous microfossil assemblages [Witkowski et al., 2014] from the 
same site. HPI-1 is reflected by an increase of radiolarians, suggesting a synchronous 
increase of primary and export production. HPI-1 and HPI-2 might be correlatively with 
ORG1 and ORG2 [Spofforth et al., 2010], indicating that productivity might have increased 
in several shelf locations. Differences in duration of the higher-productivity intervals are 
likely due to the comparison of different proxies and ocean basins and uncertainties of the 
placement of the Chron C18r/18n.2n boundary (Error-bar given in gray, for all other reversals 
the error is too small to illustrate (>±1 cm)). 
  
 © 2015 American Geophysical Union. All rights reserved. 
Table 1 – Ecological preference of all taxa that take up > 1% of the assemblage. Name of 
species or genus is given in column 1, column 2 presents the assumed habitat (infaunal, 
shallow infaunal, epifaunal), column 3 describes the ecological preference with respect to 
nutrient and oxygen availability. Time period or epoch of the specimen investigated in the 
cited studies is also indicated. References are as follows: [1] = Thomas, 1990, [2] = Smart et 
al., 2007, [3] = Peryt et al., 2002, [4] = Oberhänsli et al., 1991, [5] = Alegret et al., 2009, [6] 
= Badawi et al., 2005, [7] = Jorissen et al., 1995, [8] = Alegret and Thomas, 2005, [9] = 
Petrová, 2004, [10] = Rosoff and Corliss, 1992, [11] = Gooday, 2003, [12] = Schmiedl et al., 
1997, [13] = Thomas, 2003, [14] = Alegret and Thomas, 2004, [15] = Linke and Lutze, 1993, 
[16] = Corliss, 1991, [17] = Jorissen et al., 2007, [18] = Friedrich et al., 2006, [19] = 
Erbacher et al., 1998, [20] = Kaiho, 1999, [21] = Friedrich and Erbacher, 2006, [22] = 
Erbacher et al., 1999, [23] = Kaiho and Hasegawa, 1994, [24] = Den Dulk et al., 2000, [25] = 
Friedrich et al., 2003, [26] = Friedrich, 2010, [27] = Stassen et al., 2012, [28] = Coccioni and 
Galeotti, 1993, [29] = Nyong and Ramanathan, 1985, [30] = Koutsoukos et al., 1990, [31] = 
Kaiho, 1991, [32] = Takeda and Kaiho, 2007, [33] = Boscolo Galazzo et al., 2013, [34] = 
Thomas et al., 2000, [35] = Müller-Merz and Oberhänsli, 1991, [36] = Mancin et al., 2013, 
[37] = Schoenfeld and Burnett, 1991, [38] = Widmark and Speijer, 1997, [39] = Bhaumik et 
al., 2011, [40] = Corliss and Chen, 1988, [41] = Mackensen et al., 1985, [42] = Friedrich et 
al., 2005, [43] = Kaiho, 1992, [44] = Gooday, 1994, [45] = Shackleton et al., 1984, [46] = 
Koutsoukos and Hart, 1990, [47] = Fassell and Bralower, 1999, [48] = Kaiho, 1992, [49] = 
Drinia et al. 2003 
Taxon Microhabitat Preferred ecology 
Anomalinoides Cretaceous: epifaunal [1] 
Miocene: epifaunal [2] 
K/P Boundary: epifaunal [3] 
Paleocene: epifaunal [4] 
recent: epifaunal [5] 
Recent: oligo – to mesotrophic and 
rather well-ventilated conditions [6, 
7] 
Bulimina K/P boundary: infaunal [3, 8] 
Miocene: infaunal [9] 
Recent: infaunal [10] 
Recent: common in oxygen minimum 
zones (OMZ) and/or areas of high 
organic mater input [11, 12] 
Miocene: dysoxic-suboxic [9] 
PETM: low oxygen and/or high 
organic matter[13] 
Cibicidioides PETM: epifaunal [14] 
Recent: epifaunal to very 
shallow infaunal [6, 15-17] 
Cretaceous: epifaunal [18] 
Recent: Oligotrophic, well 
oxygenated, low TOC [6, 17] 
 
Ellipsoidella No literature available No literature available 
 © 2015 American Geophysical Union. All rights reserved. 
Gyroidinoides Cretaceous: epifaunal [1] 
Miocene: epifaunal [2] 
K/P Boundary: epifaunal [3] 
laboratory experiments: 
shallow infaunal [19] 
Recent: suboxic [20] 
Cretaceous: mesotrophic, intolerant 
to dysoxic conditions [21, 22] 
Hemirobulina No literature available No literature available 
Laevidentalina K/P Boundary: infaunal [3, 8] 
PETM: infaunal [5] 
K/P Boundary: oligotroph [3] 
Cretaceous: tolerant of oxygen-
depletion in bottom-waters and high 
organic flux [21], associated with 
black shale [21, 23] 
Lagena Recent: Infaunal [10] Recent: suboxic [20] 
Miocene: suboxic [9] 
Lenticulina Miocene: epifaunal [2] 
Recent: epifaunal [10], 
infaunal [11], shallow infaunal 
[16, 24] 
K/P Boundary: epifaunal [3] 
Cretaceous: possibly deep 
infaunal [18] 
Cretaceous: dysoxic [25, 26], low-
oxygen tolerant , associated with 
black shales, tolerance of dysoxia 
[18] 
PETM: capable of alternating 
between an epibenthic and shallow 
endobenthic life- styles in reaction to 
low-oxygen, eutrophic conditions 
[27-29] 
Miocene: suboxic [9] 
recent: suboxic [20] 
Nodosaria Elongate morphology -> 
infaunal according to [16] 
PETM:  adapted to normal marine 
conditions [27] 
Cretaceous: low to moderate oxygen 
depletion [30] 
Eocene: anaerobic [31] 
N. truempyi PETM: epifaunal [14, 32] 
Eocene: epifaunal [33] 
Eocene: Indicative of oligotrophic 
conditions, intolerant to ocean 
acidification [34, 35], well oxygenated 
[35] 
PETM: oligotrophic indicator [32, 36] 
Cretaceous: oligotrophic, well 
oxygenated [21, 37, 38] 
O. umbonatus Neogene: shallow infaunal [39] 
recent: epifaunal [24, 40] 
recent: well oxygenated [41], low 
organic matter flux [11] 
Osangularia or spec. 
O. mexicana 
K/P Boundary: epifaunal [8] 
Eocene: epifaunal [4] 
Recent: epifaunal [40] 
Cretaceous: Opportunistic, 
associated with re-ventilation during 
black-shale formation [42], able to 
withstand hypoxia [18] 
Pleurostomella Pleistocene: infaunal [43] Pleistocene: low oxygen and/or high 
organic matter [43] 
Pullenia Recent: infaunal [10], shallow 
infaunal [24] 
Cretaceous: infaunal [1] 
Miocene: suboxic [9] 
recent: low oxygen, high organic 
matter [44], suboxic [20] 
Pyramildulina Cretaceous: Epifaunal [45, no literature data available 
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46], shallow infaunal[47] 
Siphonodosaria Elongate morphology -> 
infaunal according to [4, 16] 
Miocene: anoxic to dysoxic [9] 
Strictocostella K/P Boundary: infaunal [48] 
Miocene: infaunal [9] 
K/P boundary: anaerobic [48] 
Miocene: anoxic – dysoxic [9, 49] 
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Table 2 – Summary of all publications on the MECO interval, sorted by ocean basin. Column 
1 indicates the Site described in the publication, column 2 summarizes the authors 
assumptions about changes in trophic state, column 3 lists the proxy used for their 
interpretations. Increases in trophic state are observed in many shelf/slope locations, but the 
timing and duration vary within different proxies and ocean basins. 
Site Inferred changes in trophic state Proxy  
Tethys:   
Alano Section   
 Surface and bottom water 
productivity elevated at peak 
warming and afterwards [Luciani et 
al., 2010; Spofforth et al., 2010] 
% total organic carbon 
planktic foraminifera 
assemblages 
  
 Bottom water productivity elevated 
during peak warming and post-MECO 
[Boscolo Galazzo et al., 2013] 
Benthic foraminifera assemblages 
Contessa Section No data [Jovane et al., 2007]  
North Atlantic:   
ODP Site 1051 Bottom water productivity elevated 
at peak warming and later (this 
study) 
Benthic Foraminiferal Accumulation 
rates 
 Surface water productivity elevated 
during the MECO and onset of peak-
warming [Witkowski et al., 2014] 
Siliceous microfossil accumulation 
rates 
South Atlantic:   
ODP Site 1260A   
 Surface water productivity elevated 
during the MECO [Renaudie et al., 
2010] 
Siliceous phytoplankton assemblages, 
accumulation rates 
 Possible decline in export 
productivity [Sexton et al., 2006] 
Δ13C  
ODP Site 1263 Elevated export productivity during 
the early MECO, decline during peak-
warming [Boscolo Galazzo et al., 
2015; Boscolo Galazzo et al., 2014] 
Benthic foraminifera assemblages,  
Benthic Foraminiferal Accumulation 
rates 
DSDP Site 523 No data [Bohaty et al., 2009]  
ODP Site 702 No data [Bohaty et al., 2009]  
Southern Ocean:   
ODP Site 748,749 Surface water productivity elevated Siliceous microfossil accumulation 
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during MECO warming [Witkowski et 
al., 2012] 
rates 
ODP Site 738 Bottom water productivity elevated 
during MECO warming [Moebius et 
al., submitted] 
Benthic foraminifera assemblages 
ODP Site 689 No data [Bohaty and Zachos, 2003; 
Bohaty et al., 2009] 
 
ODP Site 1172, 1171 No data [Bijl et al., 2009; Bijl et al., 
2010; Bijl et al., 2011] 
 
Pacific Ocean:   
IODP Site U1331 No data [Kamikuri et al., 2013]  
ODP Site 1218,1219 No data [Lyle et al., 2005]  
ODP Site 1209 No data [Dawber and Tripati, 2011]  
Indian Ocean:   
ODP Site 709 No data [Peterson et al., 1990]  
ODP Site 711 No data [Peterson et al., 1990]  
 
